Dynamical effects in multifragmentation at intermediate energies. 



J. Colin, D. Cussol, J. Normand, N. Bellaize, R. Bougault, A.M. Buta, D. Durand, 
O. Lopez, L. Manduci, J. Marie, J.C. Steckmeyer, B. Tamain, A. Van Lauwe, and E. Vient 
LPC Caen (IN2P3-CNRS/ENSICAEN et Universite), F-U050 Caen Cedex , France 

B. Borderie, F. Lavaud, N. Le Neindre, P. Pawlowski, E. Plagnol, and M. F. Rivet 

Institut de Physique Nucleaire, IN2P3-CNRS, F-91406 Orsay Cedex, France. 

B. Bouriquet, A. Chbihi, J.D. Frankland, B. Guiot, S. Hudan, and J. P. Wieleczko 
GANIL, CEA et IN2P3-CNRS, B.P. 5027, F-14076 Caen Cedex, France. 

J.L. Charvet, R. Dayras, L. Nalpas, and C. Volant 
DAPNIA/SPhN, CEA/Saday, F-91191 Gif sur Yvette Cedex, France. 

E. Galichet 

Institut de Physique Nucleaire, IN2P3-CNRS, F-91406 Orsay Cedex, France, and 
Conservatoire National des Arts et Metiers, F-75141 Paris Cedex 03. 

D. Guinet and P. Lautesse 

Institut de Physique Nucleaire, IN2P3-CNRS et Universite F-69622 Villeurbanne, France. 

M. Par log 

National Institute for Physics and Nuclear Engineering, RO-76900 Bucharest- Mdgurele, Romania. 

E. Rosato and M. Vigilante 

Dipartimento di Scienze Fisiche e Sezione INFN, 
Universitd di Napoli "Federico 11", 1-80126 Napoli, Italy. 

R. Roy 

Lahoratoire de Physique Nucleaire, Universite Laval, Quebec, Canada. 

(INDRA Collaboration) 

The fragmentation of the quasi-projectile is studied with the INDRA multidetector for different 
colliding systems and incident energies in the Fermi energy range. Different experimental observa- 
tions show that a large part of the fragmentation is not compatible with the statistical fragmentation 
of a fully equilibrated nucleus. The study of internal correlations is a powerful tool, especially to 
evidence entrance channel effects. These effects have to be included in the theoretical descriptions 
of nuclear multifragmentation. 

PACS numbers: 25.70.-z,25.70.Mn,25.70.Pq 

Keywords: nucleus-nucleus collisions, multifragmentation, dynamical effects 



Introduction. 



The physical characteristics (shapes, excitation ener- 
gies, angular momentum, radial flow, ...) of the hot nu- 
clei formed in nucleus-nucleus collisions are obtained by 
comparisons between models and data. Statistical de- 
cay models are widely used and dedicated to describe 
the decay of hot fully equilibrated systems, defined as 
systems having reached energy, shape and isospin equi- 
librium HIllllllEllIlllli- However other 
experimental works show strong effects of the entrance 
channel on the decay modes of the formed hot systems 

laiiiiiiiaiiiiiiiiiiiiiaEiiMiiiiiiii. 

These effects which are not taken into account in the 



statistical decay models can provide complementary in- 
formation on the nuclei such as the characteristics of the 
nucleon-nucleon interaction p^. l25l W\ and/or the 
viscosity of the nuclear matter. 

Up to now, these entrance channel effects have been 
studied by tracking deviations from the standard fis- 
sion process in the quasi-projectile break-up 0, 0, 0, 
ligl |23 | . Such deviations have been seen on the angular 
distributions, which show the focusing of the break-up 
axis along the quasi-projectile velocity direction. Asso- 
ciated with this focusing, highly asymmetrical break-ups 
have also been observed, whereas symmetrical break-ups 
were expected. The corresponding relative velocities were 
higher than the value predicted by the Viola systemat- 
ics ^2^. These aligned break-ups represent up to 75% 
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of the binary break-up for the Xe+Sn system In 
this paper, we will extend these studies performed for bi- 
nary break-up to higher fragment multiplicities to test to 
what extent these effects are present for other exit chan- 
nels. We will present systematic studies on experimental 
data only, over a wide range of system sizes, incident en- 
ergies and projectile/target asymmetries. There will be 
no attempt to compare these data to theoretical calcula- 
tions. 

We have studied the decay of different quasi-projectiles 
formed in several projectile-target collisions from 25 to 90 
AMeV. In the first section, we present the experimen- 
tal set-up, the studied sytems and the selections which 
have been applied on the data. In the second section 
the charge distributions, the associated velocity and an- 
gular distributions obtained for the different systems are 
shown. The third section is devoted to the evolutions of 
some experimental observables as a function of the break- 
up asymmetry of the quasi-projectile. In the last section 
our conclusions are given. 



I. THE EXPERIMENTAL SET-UP 

The experiments were performed at the GANIL fa- 
cility with the INDRA detector. The different systems 
which will be presented in this article are Ni-|-Ni at 52 
and 90 AMeV, Xe-^Sn from 39 to 50 AMeV, Ta-^Au 
at 33 and 39 AMeV, Ta-hU at 33 and 39 AMeV and 
U-l-U at 24 A MeV. Target thicknesses were respectively 
193 /Ltg/cm^ of Au for the experiment with the Au tar- 
get, 179 fjig/cvo? of Ni for the Ni -t- Ni experiment and 
330 ^g/cvo? of Sn for the Xe -I- Sn experiment. The 
100 /ig/cm^ uranium target was deposited between two 
20 /ig/cm^ carbon foils . We will show afterwards the 
method used to separate the events corresponding to the 
uranium target from those corresponding to the carbon 
backing. Typical beam intensities were 3-4 x 10^ pps. 
Events were registered when at least four charged par- 
ticle detectors fired (eight for the collisions with the Ta 
projectile). 

The INDRA detector [Ull^ can be schematically de- 
scribed as a set of 17 detection rings centered on the 
beam axis. In each ring the detection of charged prod- 
ucts was provided with two or three detection layers. The 
most forward ring, 2° < Oiab < 3°, is made of phoswich 
detectors (plastic scintillators NE102 + NE115). Be- 
tween 3° and 45° eight rings are constituted by three 
detector layers: ionization chambers, silicon and ICs(Tl). 
Beyond 45°, the eight remaining rings are made of dou- 
ble layers: ionization chambers and ICs(Tl). The to- 
tal number of detection cells is 336 and the overall ge- 
ometrical efficiency of INDRA detector corresponds to 
90% of 47r. Isotopic separation is achieved up to Z=3-4 
in the last layer (ICs(Tl)) over the whole angular range 
(3° < Oiab < 176°). The charge resolution in the forward 
region (3° < Oiab < 45°) is one unit up to Z«50. In the 
backward region {Oiab > 45°) a charge resolution of one 



unit is obtained up to ZRi20 . The energy resolution is 
about 5% for ICs(Tl) and ionization chambers and better 
than 2% for Silicon detectors. 
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FIG. 1: Correlation between the charge Z and the velocity 
component parallel to the beam Vz in the center of mass 
frame for the Ta-|-Au collisions at 39.6 AMeV and for events 
having a total linear momentum greater than 80% of the in- 
cident linear momentum. The shading of gray is darker for 
the high cross sections. 



The binary character of the collisions is clearly seen 
on figure ^ which plots the correlation between the 
charge Z and the velocity component parallel to the 
beam Vz of each detected fragment. The fragments 
are roughly distributed around two areas: one around 
the quasi-projectile velocity and charge {Vz ~ Acm/ns 
and Z « 75) and one around the quasi-target velocity 
{Vz « — 4cTO/ns). Due to the experimental thresholds, 
the fragments emitted by the quasi-target are not de- 
tected efficiently. Then, for this analysis, only the frag- 
ments produced by the quasi-projectile are taken into 
account. Due to the quasi symmetry of most of the stud- 
ied systems, a fragment (Z>3) is assumed to be emitted 
by the quasi-projectile if its velocity component parallel 
to the beam axis is higher than the velocity of the center 
of mass Vc.m.. 

In order to have enough information to perform our 
studies, only events for which more than 80% of the 
incident linear momentum was detected are selected 
{J2Z^Vf > 0.8ZprojV;^oj where Z, and Zproj tire the 
charge of the fragment i and the charge of the projectile 
respectively and V^ and V^^^^ their velocity components 
parallel to the beam axis in the laboratory frame) . 

The events are sorted according to the multiplic- 
ity Mimf of fragments (Z>3) emitted by the quasi- 
projectile. 
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The use of a Air multi-detector gives a very good cov- 
erage of the quasi-projectile emissions. The angular, 
charge and velocity or energy distributions are precisely 
obtained. This allows the study of the internal correla- 
tions in one event like the correlation between the frag- 
ments relative velocities and the break-up direction. It 
will be shown later that this is a powerful tool to distin- 
guish different reaction mechanisms. 

As said previously, the uranium was deposited between 
two carbon layers. Thus, for the systems with this target, 
there will be a mixing of reactions on the backing (C) 
and on the target (U). The separation between these two 
reactions is done by using the angular distribution of the 
quasi-projectile. For a fixed incident energy, the grazing 
angle for the heavy target is larger that the grazing angle 
for the light one. The values of this angle are summarized 
in tabled 



System 


Incident Energy 
(AMeV) 


grazing 

(degrees) 


U + U 


24 


8 


u + c 


24 


0.7 


Ta + U 


33 


6 


Ta + Au 


33 


5 


Ta. + C 


33 


0.5 


Ta -h U 


39.6 


5 


Ta -1- Au 


39.6 


4 


Ta + C 


39.6 


0.4 



TABLE I; Grazing angles in the laboratory frame for different 
systems. 



Two contributions are then expected for the quasi- 
projectile diffusion angle 6qp. The quasi-projectile (QP) 
is reconstructed with the fragments whose velocities are 
greater than Vc.m.- Such distributions are shown in fig- 
ures|21to^ In the first two figures, the dashed line corre- 
sponds to the system with the Ta projectile and the Au 
target and the full line corresponds to the system with 
the Ta projectile and the U target and C backing. Reac- 
tions on the C backing clearly show up at small angles, 
while the distributions at large angles, from their similar- 
ities with those arising from Ta-|-Au, can be attributed to 
reaction on U only. A clear selection of Ta-|-U reactions 
is ensured by selecting events with 9qp > 10°. For the 
U-|-C,U system (figure 0)), the two contributions (U tar- 
get and C backing) are better separated due to the larger 
difference between the values of the grazing angles. The 
same cut {9qp — 10°) was applied to separate the contri- 
butions from the uranium target and the carbon backing. 
For this system, the contribution of the uranium target at 
small angles is weaker compared to the Ta-|-C,U systems. 
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FIG. 2: Distribution of Ogp for the Ta-|-C,U system at 33 
A MeV (full line) and the Ta+ Au system at 33 A MeV (dashed 
line) . 
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FIG. 3: Distribution of 6qp for the Ta-|-C,U system at 
39.6 AMeV (full line) and the Ta-|-Au system at 39.6 
AMeV (dashed line). 
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FIG. 4: Distribution of Oqp for the U+C,U system at 24 
A MeV. 



FIG. 6: Charge (uppermost row), parallel velocity (middle 
row) and cos(Si?/Qp)(lowermost row) distributions for the 
Ta+Au system at 33 A MeV. The columns correspond to 
different fragment mutiplicities (from Mimf=2 to Mim/=4 
from left to right). The shading of the distribution is darker 
and darker according to the rank of the fragment in the event 
(the lightest shading correspond to the heaviest fragment in 
the event). 
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FIG. 5: Definition of the angles Qfjqp and Qqp. 



II. SIZE AND VELOCITY HIERARCHY 

We will first look at simple and direct observables like 
the fragment charge distributions, the corresponding dis- 
tributions of the velocity component parallel to the beam 
(14) and the angular distributions for the different sys- 
tems. The angle QpjQP is the angle between the veloc- 
ity of the fragment in the quasi-projectile (QP) frame 



and the velocity of the quasi-projectile in the center of 
mass frame (see figure El). The events are sorted accord- 
ing to the multiplicity, Mimf, of the forward fragments 
{Vz > Vc.m.)- In each event, the fragments are sorted 
according to their charge. 

Charge, 14 andcos^Op/Qp) distributions are shown on 
figure |S1 The uppermost row corresponds to the charge 
distribution, the middle row to the Vz distribution and 
the lowermost row to cos(0^/Qp)distribution. The dif- 
ferent columns correspond to the different fragment mu- 
tiplicities (from Mimf=2 to Mimf=^ from left to right). 
On each panel, the shading of the distribution darkens 
according to the rank of the fragment in the event. 

One spectacular observation is that the velocity dis- 
tributions are strongly correlated to the charge sorting: 
the heaviest fragment is in average the fastest one, the 
second heaviest fragment is the second fastest one and 
so on. For the cos{9p/Qp) distributions, the distribu- 
tion of the heaviest fragment is peaked at forward angles 
( cos{dpfQp)!v 1): the emission direction of this frag- 
ment is close to the quasi-projectile velocity direction. 
Such pictures were not expected in case of a fragmen- 
tation of a fully equilibrated quasi-projectile, for which 
the fragments are emitted in all directions without a par- 
ticular hierarchy for the velocities. This hierarchy effect 
(the ranking in charge induces on average the ranking 
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FIG. 7: Same aslglfor the Ta+Au system at 39.6 AMeV. 
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FIG. 8: Same asElfor the Xe+Sn system at 39 AMeV. 



in Vz and the cos{9f/qp) distribution of the heaviest 
fragment is forward-peaked) suggests an entrance chan- 
nel effect. 

Similar results are observed for the corresponding dis- 
tributions for most of other systems. The heaviest frag- 
ment is the fastest one and its direction of emission is 
close to the quasi-projectile velocity direction whatever 
the system size and whatever the incident energy. The 
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FIG. 9: Same aslglfor the Xe-(-Sn system at 45 AMeV. 
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FIG. 10: Same asHfor the Xe-|-Sn system at 50 AMeV. 



hierarchy between the size of the fragment and its veloc- 
ity is observed for the Ta -I- Au (figures El and [7|), Xe-|-Sn 
f figures ISl and [TUl ) and Ni-|-Ni systems ffigureslTTland 
I12|l . This effect is strong on the Ta-|-Au system and is 
slightly weaker for the Xe-|-Sn and the Ni-|-Ni systems. 
For the Xe-|-Sn system, the anisotropy of the heaviest 
fragment angular distribution increases slightly with the 
incident energy. 
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FIG. 11: Same as^lfor the Ni+Ni system at 52 AMeV. FIG. 13: Same aslglfor the Ta+U system at 33 AMeV {9qp > 

10°). 




FIG. 12: Same as^lfor the Ni+Ni system at 90 AMeV. 




FIG. 14: Same as El for the Ta+U system at 39.6 
AMeV (dgp > 10°). 



For the Ta+U system (events with 9qp > 10°, figures 
1 131 and [HI), the same hierarchy effect is observed as for 
the Ta+Au system. For the Ta + C,U system (figures 
llSlandlTCl). this hierarchy effect is still observed for high 
multiplicities {Mimf> 3), but is not present for Mimf=2. 
This is due to the mixing between the carbon backing and 
the uranium target mentioned in the previous section. 
For Mimf=2, the two fragments have almost the same 



charges, the velocities are similar and the whole range 
of cos{9F/Qp)is covered. The contribution of the Ta+C 
collisions is stronger and stronger when Mimf decreases. 
This contribution is especially seen for Mimf=2 (compare 
leftmost columns of figures [T^ and [T51 for 33 AMeV and 
figures n~n and [TCI for 39 AMeV) where the distributions 
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FIG. 15: Same aslHlfor the Ta+C,U system at 33 AMeV (all FIG. 17: Same aslHlfor the U+U system at 24 AMeV {Oqp > 

10°). 
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FIG. 16: Same as|Hlfor the Ta+C,U system at 39.6 AMeV (all 
Oqp). 



FIG. 18: Same as^lfor the U+C system at 24 AMeV [Ogp < 
10°). 



are completely different. The Ta+C collisions lead to the 
formation of an incomplete fusion nucleus, which decays 
through fission. In this case, no hierarchy in velocities 
or no privileged angles of the heaviest fragment are ex- 
pected. 

For the U+U system (figure [T7I events with 9qp > 



10°) the hierarchy effect is observed for Mimf> 3 but 
is not observed for Mimf~2. Due to the high fissility 
of uranium, the Mimf=2 events correspond mainly to 
the fission process. However, events for which the charge 
of the heaviest fragment is close to 80 are still present. 
They correspond to asymmetric binary break-ups which 
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III. INTERNAL CORRELATIONS 




beam axis 



FIG. 19: Schematic view of the fragmentation scenario lead- 
ing to the "hierarchy effect" . The shading darkens according 
to the charge ranking of the fragments. 



are not expected for the fission of such a heavy nucleus. 
These asymmetric break-ups are not present for the U-l-C 
system f figure [THl leftmost column, Oqp < 10°) and no 
hierarchy effect is seen: these observations are consis- 
tent with the fission of a fully equilibrated nucleus. For 
Mimf> 3, the velocities of the two heaviest fragments are 
similar and their cos{9p^Qp) distributions are flat. For 
the other fragments, the hierarchy effect is present. This 
could be due to a two-step process in which the hierar- 
chy effect is present at the early stage of the collision, 
followed by the fission of the heaviest fragment due to 
the high value of its charge. 

To summarize this section, a hierarchy effect (the 
ranking in charge induces the ranking in Vz and the 
cos{9p/Qp) distribution of the heaviest fragment is 
forward-peaked) is seen for many system sizes and in- 
cident energies. These observations are not consistent 
with the decay of a fully equilibrated nucleus for which 
no hierarchy effect is expected. This "hierarchy effect" is 
consistent with a strong deformation of QP or QT during 
the collision which is followed by the break-up of these 
elongated nuclei in two or more fragments (neck forma- 
tion and break-up, see figure lT^ . The fragments emitted 
by this neck reflect its internal structure: its size at the 
center of mass is on average thinner than close to the 
quasi-projectile or quasi-target, and the velocity modu- 
lus in the center of mass frame of the nucleons in the neck 
close to the center of mass are smaller than those of nu- 
cleons close to the quasi-target or to the quasi-projectile. 

This leads to the "hierarchy effect" observed experi- 
mentally. The velocity gradient can be tracked by study- 
ing the relative velocities between the heaviest fragment 
and the others. In the proposed scenario, this relative ve- 
locity is expected to be larger than the one obtained from 
the decay of a fully equilibrated nucleus. For the heav- 
iest systems, the standard fission process superimposes 
on the neck formation and break-up. The two contribu- 
tions are clearly seen for Ta and U projectiles. In these 
cases, deviations from the standard fission can be easily 
tracked. 



In the previous section, we have evidenced a "hierar- 
chy effect", indicating a strong entrance channel inffu- 
ence on the fragmentation of the quasi-projectile. We 
will study in this section correlations between some ob- 
servables to verify whether the fragmentation scenario 
proposed above resists a more detailed analysis. If an 
elongated quasi-projectile is formed and breaks quickly, 
the relative velocities between the fragments should be 
higher along the QP velocity direction than in any other 
direction, because the incident energy is not fully damped 
in internal degrees of freedom in such a process. Within 
this assumption, the heaviest fragment focused along the 
QP velocity has a high velocity because it is a remnant 
of the projectile. In the case of the fragmentation of a 
fully equilibrated QP, the relative velocity should be in- 
dependent of the break-up direction. 

For Mim/=2, the relative velocity between the two 
fragments can be easily determined, while it is not the 
case for higher multiplicities. We have seen in the previ- 
ous section that the heaviest fragment has the same prop- 
erties whatever the value of Mimf- it is the fastest one 
and it is focused in the direction of the quasi-projectile 
in the center of mass frame. We can use this property 
to define the break-up direction Oprox as the direction of 
the heaviest fragment with respec t to the quasi-projectile 
velocity, and the relative velocity Vrei as the difference of 
the velocity of the heaviest fragment Vi and the velocity 
of the center of mass of all other fragments detected with 
a velocity greater than Vc.m.- They are determined as 
follows: 



2^1=2 



(1) 



where Zi is the charge of the i*^ fragment {Zi > Z^+i) 
and Vi its velocity 



{Vi-Vqp).Vqp 



(2) 



where Vqp is the velocity of the quasi-projectile. All the 
velocities in formulae 1-3 are expressed in the center of 
mass frame. With this definition, 6prox is identical to 
Op/QP of the heaviest fragment (see figure ISJ. 



Vc 



QP 



(3) 



Let us study the behaviour of the cos( 



'prox J 



distr 



butions. The experimental distributions are shown on 
figures E51 and for the Ta -I- Au system at 33 and 39.6 
AMeV respectively. On each figure, the columns corre- 
spond to different values of M^mf and the rows to dif- 
ferent ranges in charge of the heaviest detected fragment 
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Z\ . This cut in Z\ was done due to the particular behav- 
ior of the heaviest fragment. It is also correlated to the 
asymmetry of the break-up as in fission: the highest val- 
ues of Z\ correspond to the more asymmetric break-ups 
(one big fragment and small other ones) and the lowest 
values of Z\ correspond to the most symmetric break- 
ups (equal size fragments). It can be seen on these fig- 
ures that the cos(0prox) distributions are in most cases 
peaked at 1 (emission along the direction of the QP veloc- 
ity). The most forward peaked co'siQ^rox) distributions 
are obtained for the most asymmetric break-ups (high 
values of Z\) and this for all values of Mimf- This is not 
expected in the case of a fragmentation of a fully equi- 
librated nucleus. An angular momentum effect would 
lead to a forward-backward symmetry in angular distri- 
butions. 

For the most symmetric break-ups (low values of Zi) 
and the greater IMF multiplicities, the distribution be- 
comes less forward peaked. In this case, the fragments 
having almost the same charge, the ranking in charge is 
meaningless. Consequently the memory of the direction 
of the QP in the fragmentation process is blurred. An- 
other possible scenario could be the occurrence of the 
fragmentation of a fully equilibrated QP. It will be seen 
later that the cut at 14 „i.can also influence these distri- 
butions. 

Is there a connexion between the strength of the 
anisotropy of the cos{Oprox) distributions and the vio- 
lence of the collisions? The latter has been estimated by 
using the sum of the transverse energies Eti2 of light 
charge particles {Z < 2). This global variable has been 
widely used as an impact parameter selector in previous 
studies 0, 0|. The low values of transverse energies 
correspond to peripheral collisions and the high values to 
the most violent collisions. The reduced transverse en- 
ergy distributions (£'ti2/£'c.m. where Ec.m. is the energy 
available in the center of mass) are presented in figure 1^ 
for Ta-|-Au collisions at 39.6 AMeV. The shapes of these 
distributions depend weakly on the value of Mimf and 
strongly on that of Zi . This is in agreement with Zi be- 
ing the remnant of the QP. The average Eti2 value de- 
creases when going from symmetrical (first row) to asym- 
metrical break-ups (last row) as already shown for the 
lighter Ar-fNi system [sj. The last row corresponds to 
the most asymmetrical and aligned break-ups (see figure 
I21II . The transverse energies of the associated particles 
are low and correspond to peripheral collisions. The first 
row corresponds to the most symmetrical break-ups and 
to more wider cos{9prox) distributions. The transverse 
energies of the associated particles are high and corre- 
spond to more central collisions. 

It is interesting to observe low Etu values for the 
highest IMF multiplicities (last row, rightmost panel of 
figure I22|l . In this case, the excitation energy of the 
QP is low and low evaporated IMF multiplicities are 
expected. This observation, combined with the "hier- 
archy effect" and the strongly peaked cos{6prox) dis- 
tributions, strongly suggests that these fragmentations 
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FIG. 20: cos{9prox) distributions for the Ta-|-Au system at 
33 A MeV. The columns correspond to the different fragment 
multiplicities from 2 to 5. The rows correspond to different 
ranges for the charge Zi of the heaviest fragment: the most 
symmetrical break-ups (low Zi values) correspond to the up- 
permost row and the most asymmetrical break-ups (high Zi 
values) correspond to the lowermost row. 



are only due to entrance channel effects. For the binary 
break-ups (first column), the very asymmetrical break- 
ups (last row) are not expected for the standard fission 
of a quasi- Ta. Nevertheless, this is the dominant decay 
channel for Mimf— "2. The second and third panels of the 
first column (Mimf='2) correspond to more symmetrical 
break-ups {Zi « 37) and the standard fission process is 
expected. In this case the transverse energy distributions 
are wider. It seems that two contributions could be con- 
sidered as already suggested by the the cos{9prox) distri- 
butions. These observations are also made on the other 
systems. 

Let us now come to the correlation between the rel- 
ative velocities of the fragment Vrei and cos{9prox)- 
They are presented on figure ESI for Ta-|-Au collisions 
at 39.6 AMeV, on figure El for the \J+\J collisions at 
24 AMeV and on figure ESI for the U-l-C collisions at 24 
AMeV. As in figures and [TTI the columns correspond 
to different IMF multiplicities and the rows to different 
values of Zi . For the most asymmetric breakup of the Ta 
-I- Au collisions (two lowest rows for figure ESJ, a strong 
variation of Vrei with cos{6prox) is seen. The value of 
Vrei increases from 2.3 cm/ns at cos(0prox)=-l up to 
w 3.5 cm/ns at around cos{9prox) = 0.8 and then de- 
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FIG. 21: Same asl^Olfor the Ta+Au systeme at 39.6 AMeV. 



creases. The variation is weaker for the niore symmetric 
break-ups (two first rows) . This variation is also observed 
for the U+U colUsions but its ampUtude is smaUer. For 
the U+C system (figure 123): no evolution is seen what- 
ever the IMF multiplicity and the charge of the heaviest 
fragment. For the U-fC system, no "hierarchy effect" 
was seen (see figure I18|l . Within our interpretation of 
the "hierarchy effect" , no modulation is expected for this 
system. On all other systems, the same correlation is ob- 
served: a modulation of Vrei with cos(0prox) is seen when 
the "hierarchy effect" is observed. So the modulation of 
Vrei with cos{9prox) IS Correlated to the observation of 
a "hierarchy effect" . 

The decrease of Vrei at the smallest angles 
(cos(0prox)=l) is not compatible with the expected be- 
haviour of Vrei resulting from our interpretation on the 
"hierarchy effect" . But due to the selection of the frag- 
ments in this analysis (Vz > Vc.m.), the highest values 
of Vrei can not be reached. We have tested the effect of 
this velocity cut on our analysis with the help of a simple 
simulation. For sake of simplicity, we have only verified 
the effect of the velocity cut for Mimf=2. The basic in- 
gredients of this simulation are the following: a QP with 
a charge Zqp, a velocity Vgp and an angle Oqp is con- 
sidered. This QP splits in two fragments of charge Zi 
and Z2, the axis of the break-up being isotropically dis- 
tributed and the relative velocity between the fragments 
ranging from cm/ns to 10 cm/ns. For each case, the 
event is taken into account in this analysis if both frag- 
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FIG. 22: Etrz/ Ec.m. distributions (in percent) for the Ta-|-Au 
system at 39.6 AMeV. The columns correspond to the differ- 
ent fragment multiplicities from 2 to 5. The rows correspond 
to different ranges for the charge Z\ of the heaviest fragment: 
the most symmetrical break-ups (low Z\ values) correspond 
to the uppermost row and the most asymmetrical break-ups 
(high Z\ values) correspond to the lowermost row. 



ments have a Vz greater than Vc.m.- The velocities Vi 
and V2 of the two fragments are calculated the following 
way: 

V[ = V^P + [l--^)Vr^l (4) 

Zqp 

y'l^V^p-4^V^el (5) 

The first column of figure corresponds to the result 
of the simulation; the second column shows the experi- 
mental bidimensional plots of Vrei versus cosiBprox) for 
the Ta -I- Au collisions at 39.6 AMeV; the third col- 
umn shows the same plots for the U -I- C collisions at 
24 AMeV (Bqp < 10°). The plots corresponding to 
events with an IMF multiplicity equal to 2 are displayed. 
The rows correspond to different selections on the charge 
of the heaviest fragment Zi, the uppermost row corre- 
sponding to the lowest Zi values and the lowermost row 
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FIG. 23: Evolutions of the average relative velocity V,.e!witli 
cos(6lp^o^) for the Ta+Au system at 39.6 AMeV. The 
columns correspond to the different fragment multiplicities 
from 2 to 5. The rows correspond to different ranges for the 
charge Zi of the heaviest fragment: the most symmetrical 
break-ups (low Z\ values) correspond to the uppermost row 
and the most asymmetrical break-ups (high Z\ values) corre- 
spond to the lowermost row. 



to the highest Zi values. For each plot of the simula- 
tion (leftmost column), the values of Vqp, Oqp and the 
ratio Zi/Zqp have been chosen according to the aver- 
age experimental values for the Ta-|-Au collisions at 39.6 
AMeV for a given IMF multiplicity and for a fixed Zi 
range. The shaded areas (leftmost column) correspond 
to the events selected in our analysis. One can see that 
the velocity cut [Vz > Vc.m.) systematically removes the 
events with the highest Vrei values when the fragmen- 
tation axis is aligned on the QP velocity direction. For 
cos{9prox)=^, this effect is always present. This could 
explain the decrease of Vrei for high cos{9prox) values 
observed in figures and |31 This is confirmed by the 
bidimensional plot (second column) which was used to 
obtain figure [23 The effect of the velocity cut is clearly 
seen for the highest Zi values. The agreement between 
data and simulation is good, showing that the veloc- 
ity cut limits the range of accessible Vrei values. For 
higher Mimf values, similar conclusions are obtained. 



FIG. 24: Same as^for the U-l-U system at 24 A MeV {9qp > 
10°). 



Another interesting observation is that the Vrei distri- 
bution for cos{9prox)^ —1 is narrow, its average value 
Vre i= 2.3 cm/ns corresponds to the Viola systematics 
[23 and is not affected by the velocity cut at Vc.m. ■ When 
cos{9prox) increases, the width of the Vrei distribution 
and its average value increase while the velocity cut has 
no influence, i.e. for cos{9prox) values below 0.8. Above 
cos( 



'prox 



)=0.8, high values of Vrei cannot be reached 
and then its average value decreases. For the U-l-C sys- 
tem rightmost column, it can be seen that the Vrei dis- 
tributions are always narrow and centered around the 
Viola systematics value whatever the cos{9prox) value. 
For these collisions, our experimental cut does not affect 
the evolutions of Vrei with cos{9prox)- 

The observations made in this section confirm the sce- 
nario proposed in the previous section. For the U-l-C sys- 
tem, all observations are compatible with the decay of a 
fully equilibrated nucleus: no modulation of Vrei with 
cos{9prox) is seen while at the same time the "hierarchy 
effect" is absent or very weak. For the systems with a 
heavy target, the variation of Vrei with cos{9prox) is 
observed. This indicates that a strongly deformed QP or 
a neck of matter is formed at the early stage of the colli- 
sion, and breaks quickly into several fragments. In such a 
process, the incident kinetic energy is not fully damped. 
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FIG. 25: Same asl^for the U+C system at 24 A MeV {9qp < 
10°). 



and the fragments keep the memory of the formation of 
the neck and/or deformed QP. Within this interpreta- 
tion, the heaviest fragment is a remnant of the projectile. 
This scenario seems to occur for a wide range of system 
size and incident energies. For the heaviest systems, hke 
U+U for which the fissihty of the QP is high, it competes 
with the fission process. 

IV. CONCLUSIONS 

The study of the paraUel velocity distributions of the 
fragments forward emitted as a function of their charge 
exhibits a "hierarchy effect" : the ranking in charge in- 
duces in average a ranking in the average parallel velocity, 
the heaviest fragment is the fastest and is focused in the 
forward direction relative to the QP recoil velocity. This 
"hierarchy effect" is stronger when the size of the target is 
large, when the fissility of the QP is limited {Z < 80) and 
when the incident energy is high. This effect is observed 
for all systems, whatever the multiplicity of fragments. 
These observations are compatible with the formation of 
a neck of matter in-between the quasi-projectile and the 
quasi-target. The neck may be or not attached to the 
QP (or QT) remnant. In any case, its break-up is fast 



FIG. 26: First column: simulation of the accessible range of 
Vrei as a fonction of cos{9prox) for the Ta-I-Au system at 
39.6 A MeV and for Mimf='2. The two other columns display 
the correlation between Vrei and cos(^pr.oa;) for two different 
systems. See text for more details. 



enough to keep the memory of the entrance channel. 

This mechanism is predominant for asymmetric break- 
ups which mainly correspond to peripheral collisions. For 
the most peripheral collisions, the asymmetry observed 
for the binary break-ups is not compatible with the result 
of a standard fission, and for the highest multiplicities, 
the high focusing of the heaviest fragment at forward 
angles is inconsistent with the fragmentation of a fully 
equilibrated nucleus. 

The observed variation of the fragments relative ve- 
locity with the emission angle of the heaviest fragment 
strenghtens the previous statement. This internal corre- 
lation study is a powerful tool to clearly establish the de- 
gree of equilibration of the studied ensemble. Up to now, 
the comparisons of models to data were mainly made on 
global observations only (size distributions, multiplicity 
distributions, kinetic energy distributions, and so on...). 
The study of such internal correlations is a more accurate 
tool to test the pertinence of the models. 

In order to have a full understanding of the fragmen- 
tation process, the models have to reproduce the effects 
of the entrance channel. A first step could be to mock 
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up these effects in effective parameters in the statistical test the presence of such a hierarchy effect. But in all 
decay approaches. It will be certainly worth to use dy- cases, the models have to reproduce the global observa- 
namical approaches [1II3II3II3II35LI3II37II3II39II to tions and the internal correlations as well. 
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